A theory for abnormal grain growth (AGG) in polycrystalline materials is revisited and extended in order to predict AGG in textured polycrystals. The motivation for the work is to improve our understanding of the origins of the Goss texture component, {110}<001>, during annealing of Fe-Si sheet. Since the AGG phenomenon in grain-oriented electrical steels is known to be dependent on the presence of a dispersion of fine second phase particles, the grain boundary properties are treated as representative of the homogenized behavior of the material, and not necessarily the properties that would be measured directly. The predictions of AGG are presented in the form of maps in Euler space, showing which texture components are most likely to grow abnormally. For different models of grain boundary properties applied to a theoretically derived texture, different sets of texture components are predicted to grow; neither model, however, predicts growth of the Goss component.
Introduction
The motivation for this paper is to re-visit the question of grain boundary properties and the extent to which they may account for abnormal grain growth. This paper adds to previous work by combining a theory of abnormal grain growth with realistic textures described by full threeparameter orientations. The abnormal grain growth [AGG] theory is based on work by Rollett and Mullins [1] in which the classical "n-6 rule" was adapted to account for variable grain boundary energy and mobility; the main outcome of the theory is a prediction of the maximum relative size of abnormal grains. This result is combined with an analysis of an orientation distribution to obtain both an average energy and mobility for the polycrystal, and the average energy and mobility of a boundary between each texture component and the polycrystal. From these quantities, maps are derived that indicate the likelihood of any given texture component growing abnormally.
The motivation for this approach is to examine once again the long-standing puzzle of growth of the {110}<001> (Goss) texture component during secondary recrystallization of Fe-Si sheet steel. Although all the evidence, starting with May & Turnbull [2] affirms the critical role of second phase particles, the correlation of the occurrence of the AGG with annealing temperatures near the dissolution point of the "inhibitor" particles does not reveal the controlling mechanism(s). Morawiec has reviewed the various theories for abnormal growth of the Goss component based on grain boundary properties [3] . His conclusion was that none of the theories based on misorientation could provide the selectivity observed because the spread in orientation of the final Goss component is characteristically narrow (less than 10°) whereas the initial textures tend to be weak. For example, the "high energy boundaries" hypothesis suggests that boundaries with misorientations in the range 15-25° exhibit the highest energies in bcc metals and therefore should be most mobile: such an approach based on misorientation magnitude alone cannot, however, be sufficiently selective. Much effort has been put into investigating the frequency of special boundary types based on the coincident lattice site (CSL) theory, especially the Σ9 type. Ushigami, Hutchinson and others have published extensively on the interaction between grain boundaries and the inhibitor particles and have hypothesized that the Σ9 boundaries are more easily unpinned than others, which could lead to selective growth of the Goss oriented grains [4, 5] . Again, however, detailed calculations to verify the mechanism are lacking. Baudin et al. have performed simulations of grain growth that represent the growth process but these have always used strongly simplified models of grain boundary properties [6] . It should also be noted that the possibility of a size advantage associated with Goss grains has been negated by experimental evidence to the contrary [7] .
Abnormal Grain Growth Theory
Upper Limit for Abnormal Growth. Rollett and Mullins [1] developed a theory for abnormal grain growth as a function of the properties (energy and mobility) of the perimeter of a single abnormal grain embedded in a matrix of grains with uniform boundary properties. The energy of the boundaries in the matrix is γ matrix and the mobility is M matrix ; the average grain size in the matrix is <R matrix >. The ratio of the energy of the perimeter of the abnormal grain to the matrix grain boundary energy is defined as Γ, and the corresponding mobility ratio as µ. The theory was based on an adaptation of the development of the topological theory of grain growth leading to the wellknown "n-6" rule (Mullins 1957). The main result was to define a growth rate, dρ/dt, for the (potentially) abnormal grain relative to the coarsening rate of the matrix.
where the function G is given by:
This equation describes a parabolic relationship for the relative growth rate as a function of relative size. This yields a simple quadratic relationship for the roots, i.e. the sizes between which the relative growth rate is positive. If the special grain is too small, it shrinks whereas for sizes between the two roots, the grain will grow faster than the mean size until it reaches the larger root, ρ + . This upper limit on abnormal growth is what we employ as an indicator of the potential for abnormal growth:
AGG of Individual Texture Components. In order to evaluate the potential of a given texture component, it is necessary to compute the quantities in the above equation. The grain boundary energy and mobility for boundaries in the matrix can be evaluated by simply averaging over all grain boundaries in the system (strictly speaking, the texture-derived misorientation distribution). In this paper a few different assumptions will be made about the anisotropy of boundary energy and mobility. In all cases, low angle boundary characteristics will be modeled with standard assumptions of a Read-Shockley variation in energy and a sharp step up in mobility in the transition from low to high angle around 15°. Beyond this, the effects of a cusp in energy at a particular misorientation type, e.g. Σ9, and a local maximum in mobility, e.g. at Σ19a, will be considered.
In this paper we focus on the behavior of general textures and so assume that the contribution of each component is proportional to its volume fraction. This also means that the properties are a function of misorientation only; for a specific microstructure it is possible to include the boundary
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Textures of Materials -ICOTOM 14 normal also. In a subsequent paper, we will address specific microstructures in which the misorientation distribution function can vary from the texture-averaged quantities calculated here. Next one evaluates the expected boundary properties of the particular component of interest. As assumed throughout this treatment, a mean field approach is taken, such that the boundary energy is evaluated as that of a grain of the particular component embedded in the matrix; therefore another average is computed but this time between the component and each matrix component weighted according to its volume fraction. Note that this approach does not take into account the local environment of any individual grain but simply evaluates the potential for AGG for a particular texture component.
AGG Parameters. These properties are then used to obtain the boundary energy ratio for each component, Γ, and the corresponding mobility ratio, µ. Based on the values of these parameters, the upper limit of AGG is evaluated according to Eq. 3 and is mapped in orientation space.
Results
Grain Boundary Properties. Before proceedings to give results of the AGG analysis, it is necessary to discuss the grain boundaries properties for a particular system of interest. One such system is that of abnormal grain growth in the Fe-3%Si system mentioned above. The interesting feature of this system is that we still do not have an adequate understanding of the grain boundary properties. Since the key processing step is likely that of a "selective de-pinning" of grain boundaries around the Goss component, it is better to consider the effective properties of the grain boundaries in the system rather than the properties that would be measured directly. Another point of confusion is the literature on the topic in which various different special boundary types have been postulated as being essential for the de-pinning process. Figure 1 shows two contour maps, one for energy with a cusp at Σ9 (~38°<110>) and one for mobility with a peak at Σ19a (27°<110>). The form of the energy map is that of a uniform grain boundary energy, γ, normalized to (a maximum of) γ max = 1, with a (logarithmic) Read-Shockley variation for low angle boundaries (θ < 15°, where θ is the minimum misorientation angle between two orientations after crystal symmetry has been accounted for) and the following equation for a cusp.
Here, ω is the deviation (measured as a minimum rotation angle in degrees) between the misorientation of a boundary and the misorientation associated with a specific cusp location, t is a scaling parameter such that a large value corresponds to a narrow cusp, and θ RS normalizes the deviation angle; in this work, t = 1, θ RS = 15°. Similarly the mobility, M, is varied between a low value for low angle boundaries and an intermediate value for general boundaries, with peaks at each special boundary type as follows, where
The maps are plotted in Euler space since that is the most familiar orientation space for texture analysis [8] ; other representations such as the Rodrigues space would of course avoid some of the difficulties associated with symmetry in Euler space. The range of angles is the standard 0-90° for all 3 angles; since the Goss component has only one variant with respect to orthorhombic sample symmetry, this range is adequate to show all possible combinations. Fig. 1a shows that a single cusp in energy with respect to misorientation results in many different locations in orientation space that give low energy combinations with the Goss component. The three (equivalent) locations of the Goss component are shown with a letter "G" and are minima in both the energy and the mobility maps. Each individual cusp spreads through several sections because a broad cusp shape was chosen for purposes of illustration. The mobility map, fig. 1b , is at first sight rather different but only because we are now looking at locations of maxima (peaks) as opposed to cusps. The centers of each mobility peak are in similar locations as seen in the energy map because the misorientation axis is the same although the magnitude of the rotation angle is smaller. AGG analysis. Figure 2 presents results for AGG analysis based on a theoretical rolling texture for bcc metals for a von Mises equivalent strain of 0.5. The texture was generated using LApp [9] with plane strain compression under full constraints, starting with a set of 2000 uniformly distributed ("random") orientations. LApp is a general purpose computer code for polycrystal plasticity calculations and is described in chapter nine of [10] . The texture is dominated by a mixture of α-fiber with <110>//RD, and the γ-fiber, {111}//ND, seen most clearly in the section for φ 2 = 45°. 
Discussion
The map that corresponds to a cusp in grain boundary energy at Σ9 (~38°<110>), with a peak in mobility for the Σ19a (~27°<110>), fig. 2b , shows that many of the components in the deformation texture may be able to grow, such as the {111}<011> component. It also shows that there is little potential for the Goss component to grow abnormally. There are also peaks that are distant from the typical components of the rolling texture such as that around (45°,65°,65°). By contrast, the map that corresponds to a cusp in grain boundary energy at Σ5 (~38°<100>), with a peak in mobility for the same boundary type, fig. 2d , shows a much sparser result. There is one main peak near (20°, 5°, 75°) with weaker maxima near the rotated-Goss, (90°, 45°, 0°). The result for an energy cusp combined with a mobility peak at Σ9 (~38°<110>), fig. 2b , shows several peaks in AGG potential but none are near the Goss component. These results suggest that none of the commonly accepted assumptions about grain boundary properties is likely to lead to growth of the Goss component. This cannot be taken as a general result, however, as the occurrence of AGG is likely to be sensitive to the details of the overall texture. This aspect will be explored in more detail in a subsequent publication.
Summary
The extension of abnormal grain growth theory to identification of strongly growing texture components has been outlined. The approach has been applied to the Fe-Si system to explore the possibility that specific combinations of grain boundary properties may lead to abnormal growth. Different models of grain boundary properties were investigated but assigning special properties to a particular boundary type did not result in any indication that the Goss component might grow abnormally simply as a consequence of orientation selection.
